Introduction
The term chronic idiopathic neutropenia (CIN) is addressed to any persistent unexplained reduction in the number of circulating neutrophils below the lower limit of the normal distribution for a given ethnic population. [1] [2] [3] [4] The disorder can be identified among the other types of chronic neutropenias by its acquired character, the absence of phasic variations in neutrophil count, lack of clinical and laboratory evidence for any underlying systemic disease to which neutropenia might be ascribed, and absence of any drug relationship. Typically, CIN is characterized by low incidence of infections and usually benign outcome. 5, 6 The disorder displays a female predominance 2, 5, 7 and an HLA class II genetic predisposition. 8 Disparate mechanisms have been implicated in the pathogenesis of CIN, including decreased neutrophil production in the bone marrow (BM), 1,2,4,9 excessive margination or enhanced neutrophil extravasation into the tissues, 10, 11 and immune-mediated destruction of mature blood neutrophils or their marrow progenitors. 12, 13 BM morphology varies according to the presumed underlying pathophysiology. Neutropenia due to increased peripheral sequestration or destruction of mature neutrophils is usually associated with a compensatory hyperplasia of the BM myeloid precursor cells, whereas severe myeloid hypoplasia might imply rare cases of immune-mediated destruction of BM immature myeloid progenitor cells by humoral or cellular cytotoxic mechanisms. 14 In the majority of CIN cases, however, BM morphology does not clearly explain the degree of neutropenia and a mild myeloid hypoplasia affecting mainly the postmitotic, maturating pool of the granulocytic series is typically recognized. [14] [15] [16] In vitro BM growth studies using culture techniques have long been used to assess patterns of granulocytopoiesis and determine possible pathogenetic mechanisms underlying CIN. 17, 18 No conclusive evidence, however, has been reported regarding the number and functional characteristics of the BM myeloid colony-forming cells since increased, 19 normal, 20 or decreased myeloid progenitor cell growth has been described in the affected subjects. 9, 21 These inconsistencies might be explained by the diversity of the patients studied in regard to the underlying pathophysiology, given that cases with immune-and nonimmune-mediated neutropenia have been recorded.
In the present study, we probed more deeply into the mechanisms of granulocytopoiesis in patients with CIN displaying myeloid hypoplasia and negative tests for antineutrophil antibodies. This type of the disorder is the most commonly seen in adults. 2, 15 We specifically examined the BM myeloid cell reserve and function in several stages of granulocyte differentiation, from the early progenitors to the mature neutrophils. We also explored the influence of patients' marrow microenvironment on myelopoiesis by investigating the capacity of BM stromal cells to induce and support the growth of the myeloid progenitor cells.
Patients, materials, and methods

Patients
We have studied 32 adults (28 women and 4 men) with CIN satisfying the previously reported diagnostic criteria for CIN. 4, 6, 8 The patients had persistent neutropenia 22 with neutrophil counts below 1800/L blood (1415 Ϯ 310/L) for a period ranging from 12 to 180 months (median duration, 91 months); no clinical, serologic, or ultrasonic evidence of any underlying disease known to be associated with neutropenia; no history of exposure to irradiation or use of chemical compounds or intake of drugs to which neutropenia might be ascribed; and normal BM karyotype and negative serum leukoagglutination and immunofluorescence tests for antineutrophil antibodies. 23 Cyclic and familial neutropenias were excluded by performing serial neutrophil enumerations in the patients and their family members. All patients studied displayed hypoplastic and left-shifted myeloid series evaluated in marrow smears stained with May-Grü nwald-Giemsa and trephine biopsy specimens. As controls, 46 hematologically healthy subjects undergoing surgery for lumbar fixation or healthy volunteers, age-and sex-matched with the patients, were studied. Informed consent according to the Helsinki Protocol was obtained from all subjects studied. Detailed patient characteristics are summarized in Table 1 .
BM samples
BM cells obtained from posterior iliac crest aspirates were immediately diluted 1:1 in Iscove modified Dulbecco medium (IMDM; Gibco, Invitrogen, Paisley, United Kingdom), supplemented with 100 IU/mL penicillin-streptomycin (PS; Gibco) and 10 IU/mL preservative-free heparin (Sigma, St Louis, MO). Diluted BM samples were centrifuged on Lymphoprep (Nycomed Pharma, Oslo, Norway) at 400g for 30 minutes at room temperature to obtain the BM mononuclear cells (BMMCs). Figure 2 ). In each case, a scattergram of FSC versus 7-AAD fluorescence was generated for quantification of live, early, and late apoptotic cells in the gates of CD34 ϩ /CD33 Ϫ , CD34 ϩ /CD33 ϩ , CD33 ϩ / CD15 Ϫ , CD33 ϩ /CD15 ϩ , and CD33 Ϫ /CD15 ϩ cells, representing the sequential stages of granulocyte differentiation. In each cell population, a subset analysis in the Fas ϩ and Fas Ϫ cells was also performed. A representative example of this analysis is shown in Figures 1 and 2 . Results of apoptosis were expressed as total 7-AAD ϩ (7-AAD bright plus 7-AAD dim ) cells. For the study of apoptosis of peripheral blood neutrophils, aliquots of 100 L EDTA (ethylenediaminetetraacetic acid)-anticoagulated, fresh or stored overnight at room temperature, blood samples were washed twice and stained with 7-AAD as described (see "7-AAD staining for the study of apoptosis"). Following centrifugation and removal of the supernatant, contaminating red cells were lysed with 0.12% formic acid and samples were fixed in 0.2% PFA using the Q-prep reagent system (Coulter). The samples were analyzed on 10 000 events by creating a scattergram of FSC versus 7-AAD fluorescence gated on the cells with high forward and high side scatter properties where neutrophils are included.
Clonogenic progenitor cell assays
BMMCs or purified CD34 ϩ BM cells were cultured in 35-mm Petri dishes in 1 mL IMDM supplemented with 30% FBS, 1% bovine serum albumin (Gibco), 10 Ϫ4 M mercaptoethanol (Sigma), 0.075% sodium bicarbonate (Gibco), 2 mM L-glutamine (Sigma), 0.9% methylcellulose (Stem Cell Technologies, Vancouver, BC, Canada), in the presence of 5 ng granulocytemacrophage colony-stimulating factor (R & D Systems, Minneapolis, MN), 50 ng interleukin 3 (R & D Systems), and 2 IU erythropoietin (JanssenCiliag, Athens, Greece) at a concentration of 10 5 BMMCs or 3 ϫ 10 3 CD34 ϩ cells/mL culture medium. Following 14 days of culture in a 37°C-5%CO 2 fully humidified atmosphere, myeloid colonies were scored and classified as granulocyte colony-forming units (CFU-Gs), macrophage colony-forming units (CFU-Ms), and granulocyte-macrophage colonyforming units (CFU-GMs), according to established criteria. 25 Results were finally expressed as CFU-Gs, total CFU-Ms (CFU-Ms plus CFU-GMs), and total CFU-GMs (CFU-Gs plus total CFU-Ms).
Limiting dilution assay for quantification of LTC-ICs
Seven dilutions of a single suspension of CD34 ϩ cells were overlaid on preformed murine MS-5 stromal layers 26 at concentrations ranging from 10 to 1000 cells/well in 96-well culture plates as previously detailed. 27 Cultures were fed weekly by demi-depopulation, and after 5 weeks were overlaid with methylcellulose culture medium with growth factors as described (see "Clonogenic progenitor cell assays"). The frequency of long-term culture-initiating cells (LTC-ICs) was calculated by determining the CD34 ϩ cell dilution that resulted in 37% or fewer wells negative for colonies 28 
Assessment of BM stromal cell function
Standard long-term BM cultures. Long-term bone marrow cultures (LTBMCs) from 10 7 BMMCs were grown according to the standard technique 25 in 10 mL IMDM supplemented with 10% FBS, 10% horse serum (Gibco), 100 IU/mL PS, 2 mmol L-glutamine and 10 Ϫ6 mol hydrocortisone sodium succinate (Sigma) and incubated in a 33°C-5%CO 2 fully humidified atmosphere. At weekly intervals, the cultures were fed by demi-depopulation and nonadherent cells were counted and assayed for clonogenic progenitor cells as described (see "Clonogenic progenitor cell assays").
Cytokine measurement in LTBMC supernatants. Cell-free supernatants of confluent LTBMCs (week 3-4) were stored at Ϫ70°C for quantification of tumor necrosis factor ␣ (TNF-␣), interferon ␥ (IFN-␥), and soluble Fas ligand (FasL) using the respective enzyme-linked immunosorbent assays (ELISAs). The sensitivity of these assays is 0.09 pg/mL for TNF-␣ (Biosource International, Camarillo, CA), 0.1 pg/mL for IFN-␥ (Biotrak; Amersham International, Buckinghamshire, United Kingdom), and 0.1 ng/mL for FasL (Bender Medsystems; Medsystems Diagnostics, Vienna, Austria).
RT-PCR for the detection of IFN-␥ and FasL in LTMBC stromal cells. Total mRNA was extracted from adherent cells derived from confluent LTBMCs 24 hours after half medium change using Trizol reagent (Gibco) according to the manufacturer's instructions. Contaminating DNA was removed by digestion with RNAse-free DNAse. The SUPERSCRIPT Preamplification System (Gibco) was used for first-strand cDNA synthesis from 3 g total RNA, followed by reverse transcription-polymerase chain reaction (RT-PCR) with specific primers. PCR products were normalized according to the amount of glycerol aldehyde phosphate dehydrogenase (GAPDH) in the samples. The following primers were used. For IFN-␥, the forward primer was 5Ј-GCATCGTTTTGGGTTCTCTTGGCTGT-TACTGC-3Ј and the reverse primer 5Ј-CTCCTTTTTCGCTTCCCTGTTT-TAGCTGCTGG-3Ј (PCR product size, 427 bp). The probe 5Ј-GAGTGTG-GAGACCATCAAGG-3Ј was end labeled using polynucleotide kinase (Roche, Mannheim, Germany) with ␥ 32 P] adenosine triphosphate (ATP) and used in Southern blot analysis. 30 For FasL, the forward primer was 5Ј-GGATTGGGCCTGGGGATGTTTCA-3Ј, the reverse primer 5Ј-TTGT-GGCTCAGGGGCAGGTTGTTG-3Ј (PCR product size, 348 bp), and the probe 5Ј-GGTCCATGCCTCTGGAATGG-3Ј. For GAPDH the forward primer was 5Ј-CCACCCATGGCAAATTCCATGGCA-3Ј, the reverse primer 5Ј-TCTAGACGGCAGGTCAGGTCCACC-3Ј (PCR product size, 597 bp), and the probe 5Ј-TGAGAAGTATGACAACAGCC-3Ј. For IFN-␥ and FasL, conditions for 35 cycles of PCR amplification following initial denaturation were 94°C for 1 minute, 68°C (IFN-␥) or 65°C (FasL) for 1 minute, and 72°C for 1 minute. For GAPDH, conditions for 25 cycles PCR were 94°C for 45 seconds, 63°C for 30 seconds, and 72°C for 50 seconds. PCR products were electrophoresed on a 1.5% agarose gel and visualized under ultraviolet light by ethidium-bromide staining before transfer onto a nylon membrane (Hybond N ϩ ; Amersham) for hybridization. Positive control for IFN-␥ and FasL was cDNA from peripheral blood mononuclear or Jurkat cells, respectively, following induction with phorbol myristate acetate (PMA; 100 ng/mL) plus ionomycin (1 M) for 4 hours. 31 Recharged LTBMCs. A 2-stage culture procedure was used to test the capacity of patient BM stromal layers to support normal hematopoiesis. Confluent stromal layers from patients and healthy controls grown in standard LTBMCs were irradiated (10 Gy) and recharged with 5 ϫ 10 4 normal allogeneic CD34 ϩ BM cells as previously described. 27, 32, 33 In each experiment, flasks were recharged in triplicate and CD34 ϩ cells from the same healthy control were used to test cultures from patients and healthy controls. Cultures were monitored weekly by determining the number of nonadherent cells and the frequency of clonogenic progenitor cells.
Statistical analysis
Data were analyzed in the Graphpad Prism statistical PC program (Graphpad Software, San Diego, CA) by means of the Student t test and the Pearson coefficient of correlation test. Standard 2-way analysis of variance was applied to define differences in the number of nonadherent cells and the number of clonogenic progenitor cells in LTBMCs and the 2 test to define differences in IFN-␥ and FasL expression in LTBMC stromal layers between patients and controls. Grouped data are expressed as mean Ϯ 1 SD.
Results
BM progenitor cells
Flow cytometric analysis of CD34 ϩ cells in the BMMC fraction of CIN patients and healthy controls is presented in Table 2 . The patients displayed significantly lower percentage of CD34 ϩ cells compared with the controls (P Ͻ .0001) due to the lower proportion of both the committed myeloid CD34 ϩ /CD33 ϩ (P Ͻ .0001) and the more primitive CD34 ϩ /CD33 Ϫ (P ϭ .0039) cells. However, the percentage of CD33 ϩ cells detected within the CD34 ϩ cell fraction was significantly lower in the patients (12.04% Ϯ 4.42%) compared with the controls (24.60% Ϯ 15.82%; P ϭ .0002) suggesting that the reduced proportion of the CD34 ϩ /CD33 ϩ cells in CIN patients does not simply reflect the lower total CD34 ϩ cell numbers but concerns specifically the myeloid progenitors. It has been shown that the CD34 ϩ /CD33 Ϫ BM cell fraction contains a significant proportion of the early progenitors cells. 34 However, despite the low percentage of CD34 ϩ /CD33 Ϫ cells in our CIN patients, the frequency of LTC-ICs, representing the best available approximation of primitive stem cells, 35 did not differ significantly between patients (3.53 Ϯ 1.54/10 3 CD34 ϩ cells; n ϭ 15) and healthy controls (3.20 Ϯ 1.86/10 3 CD34 ϩ cells; n ϭ 20; P ϭ .582). Similarly, the proliferative potential of patient LTC-ICs (0.88 Ϯ 0.34) did not differ statistically from the respective control subjects (0.97 Ϯ 0.28; P ϭ .513). Taken together, these data suggest that CIN patients display normal number and proliferative characteristics of primitive stem cells but display low frequency of committed myeloid progenitors.
Survival characteristics of BM myeloid cells and peripheral blood neutrophils
To explore whether the decrease of CD34 ϩ cell percentages in CIN patients is due to increased apoptosis, we first evaluated the proportion of apoptotic cells within the CD34 ϩ fraction of BMMCs (Table 2) . We found that patient (n ϭ 31) CD34 ϩ BMMCs contained a significantly higher number of apoptotic cells compared with the controls (n ϭ 29; P ϭ .0189). In contrast, no statistically significant difference was found between patients and controls in the percentage of apoptotic cells detected in the non-CD34 ϩ BMMC fraction (P ϭ .162).
Because Fas antigen expression has been associated with apoptosis of BM hematopoietic progenitor cells, 36 we next evaluated the expression of this molecule on patient CD34 ϩ cells ( Table  2 ). The proportion of Fas ϩ cells detected in the CD34 ϩ BMMC fraction was significantly higher in the patients (n ϭ 31) compared with the controls (n ϭ 28; P ϭ .0043) and individual Fas ϩ cell proportions correlated positively with the percentages of apoptotic CD34 ϩ cells (r ϭ .469, P ϭ .049), suggesting that Fas expression is possibly actively involved in the apoptotic depletion of patient progenitor cells. The highly significant difference in the percentage of apoptotic cells detected between the Fas ϩ (38.84% Ϯ 24.71%) and Fas Ϫ (7.47% Ϯ 9.09%; P Ͻ .0001) CD34 ϩ cells in the patients corroborates this assumption.
Having demonstrated that increased apoptosis is probably involved in the reduction of patient CD34 ϩ cells, we next evaluated the survival characteristic of the committed myeloid progenitor cells in CIN using immunomagnetically sorted highly purified CD34 ϩ cells (Table 2) . We found that the percentage of apoptotic cells within the CD34 ϩ /CD33 ϩ cell fraction was significantly higher in the patients (n ϭ 18) compared with the controls (n ϭ 10; P ϭ .0054). In contrast, no statistically significant difference was found between patients and controls in the percentage of apoptotic cells detected within the CD34 ϩ /CD33 Ϫ cell fraction (P ϭ .268). Notably, the proportion of apoptotic cells was significantly higher among the CD34 ϩ /CD33 ϩ than the CD34 ϩ /CD33 Ϫ cells in the patients (P ϭ .024) but not in the control subjects (P ϭ .867). Furthermore, the aforementioned increased expression of Fas on patient progenitor cells was found to characterize specifically the CD34 ϩ /CD33 ϩ subpopulation (P ϭ .0059) because no statistically significant difference was documented between patients and controls in the expression of Fas detected within the CD34 ϩ /CD33 Ϫ cell fraction (P ϭ .061). Moreover, the increased apoptosis in patients' CD34 ϩ /CD33 ϩ cell compartment was mainly due to an increased proportion of apoptotic cells within the CD34 ϩ /CD33 ϩ / Fas ϩ subpopulation (23.95% Ϯ 22.59% in the patients versus 8.38% Ϯ 9.14% in the controls; P ϭ .048) because no significant difference could be demonstrated between patients and controls in the proportion of apoptotic cells detected within the CD34 ϩ /CD33 ϩ / Fas Ϫ cell fraction (10.79% Ϯ 14.36% and 4.38% Ϯ 9.44%, respectively; P ϭ .218). These findings suggest that Fas antigen upregulation and increased apoptosis are probably involved in the aforementioned reduction of the committed myeloid CD34 ϩ / CD33 ϩ cells in patients with CIN.
To investigate whether accelerated apoptosis characterizes specifically the BM myeloid progenitor cells or is a feature of all stages of granulocyte differentiation in CIN, we next evaluated the survival characteristics of BM myeloid precursor cells. The percentage of apoptotic cells and the proportion of Fas ϩ cells detected in the CD34 Ϫ /CD33 ϩ -purified cell fraction did not differ significantly between patients (n ϭ 18) and control subjects (n ϭ 10) (P ϭ .246 and P ϭ .060, respectively). Notably, the percentage of apoptotic cells did not differ significantly between Fas ϩ -purified and Fas Ϫ -purified CD33 ϩ cells in both patients (P ϭ .324) and normal controls (P ϭ .424). On further analysis, no significant difference could be demonstrated between patients and controls in the percentage of apoptotic cells detected within the CD34 Ϫ /CD15 Ϫ / CD33 ϩ (7.61% Ϯ 5.92% versus 5.80% Ϯ 4.72%, respectively; P ϭ .414) and CD34 Ϫ /CD15 ϩ /CD33 ϩ (11.19% Ϯ 12.78% versus 9.27% Ϯ 6.41%, respectively; P ϭ .661) subpopulations. Similarly, no statistically significant difference was found between patients (n ϭ 18) and control subjects (n ϭ 10) in the percentage of apoptotic cells (P ϭ .0570) or the proportion of Fas ϩ cells (P ϭ .1851) detected within the CD34 Ϫ /CD33 Ϫ /CD15 ϩ -purified cell fraction. Furthermore, the proportion of apoptotic cells did not differ between the Fas ϩ -and Fas Ϫ -purified CD15 ϩ cells in both patients (P ϭ .255) and control subjects (P ϭ .313). Taken together, these findings indicate that BM early (CD34 Ϫ /CD33 ϩ ) and mature (CD34 Ϫ /CD33 Ϫ /CD15 ϩ ) granulocyte precursor cells display normal survival characteristics in patients with CIN.
Finally, we examined the apoptotic rate of patient peripheral blood neutrophils using fresh or overnight stored EDTAanticoagulated blood samples as previously suggested. 37, 38 The percentage of apoptotic neutrophils detected in freshly drawn blood samples from CIN patients (2.36% Ϯ 1.62%, n ϭ 23) was not statistically different from the controls (1.73% Ϯ 0.70%, n ϭ 13; P ϭ .150), nor were the proportions of Fas ϩ neutrophils significantly different between patients (51.54% Ϯ 26.01%) and control subjects (61.95% Ϯ 23.55%; P ϭ .209). Following overnight storage, a highly significant increase was observed in the percentage of apoptotic neutrophils in both CIN patients (31.99% Ϯ 16.17%) and healthy controls (30.91% Ϯ 17.07%) compared to baseline (P Ͻ .0001 and P Ͻ .0001, respectively), which was associated with a significant reduction in the proportion of Fas ϩ neutrophils after storage (20.70% Ϯ 24.77% in the patients and 14.61% Ϯ 11.31% in the controls) in comparison to baseline (P Ͻ .001 in patients and P Ͻ .0001 in the controls). However, no significant difference was documented between patients and controls in the percentage of apoptotic or the proportion of Fas ϩ stored neutrophils (P ϭ .833 and P ϭ .351, respectively), suggesting that peripheral blood neutrophils display normal survival characteristics in CIN. Notably, no significant difference was found in apoptosis between the Fas ϩ and Fas Ϫ fresh or stored neutrophils in either patients (P ϭ .361 and P ϭ .083, respectively) or control subjects (P ϭ .135 and P ϭ .120, respectively).
Colony-forming cells
The frequency of clonogenic progenitor cells in the BMMC fraction of CIN patients (n ϭ 31) and healthy controls (n ϭ 34) is depicted in Figure 3 . The mean number of total CFU-GMs obtained by 10 7 BMMCs was significantly lower in the patients (4516 Ϯ 2073) compared with the controls (7650 Ϯ 2136; P Ͻ .0001). This decrease reflected probably the lower number of CFU-Gs in CIN patients compared with controls (2290 Ϯ 1289 versus 4556 Ϯ 1919; P Ͻ .0001) because no statistically significant difference was found between patients and control subjects in the number of total CFU-Ms (2226 Ϯ 1559 versus 3094 Ϯ 2365; P ϭ .0886).
To investigate whether the decreased CFU-GM formation in CIN is due to the low progenitor cell number in patients' BMMC fraction or is the consequence of a progenitor cell defect, we tested the clonogenic potential of purified CD34 ϩ BM cells (Figure 3) . We found that the total CFU-GM number obtained by 5 ϫ 10 4 CD34 ϩ cells was significantly lower in the patients (668 Ϯ 499, n ϭ 23) compared with the controls (993 Ϯ 362, n ϭ 15; P ϭ .037) and this reduction was essentially due to the low number of CFU-Gs in the patients (331 Ϯ 186 versus 537 Ϯ 180 in the controls; P ϭ .0018) because no significant difference was found between patients and controls in the number of CFU-Ms (337 Ϯ 327 and 456 Ϯ 294, respectively; P ϭ .262). These findings are in agreement with the flow cytometric data suggesting low frequency of committed myeloid progenitor cells in CIN and provide strong evidence for selective decrease of the granulocyte progenitor cells in these patients.
Standard LTBMCs
Typical confluent stromal layers were formed over the first 3 to 4 weeks in both patient (n ϭ 31) and normal (n ϭ 34) LTBMCs. However, the average nonadherent cell recovery was significantly lower in patient LTBMCs compared with controls (F ϭ 5.415 Ͼ F 305 1 , P Ͻ .01) and the mean duration of colony production by nonadherent cells was also significantly lower in patients (5.7 Ϯ 1.5 weeks) compared with control subjects (8.6 Ϯ 1.5 weeks; P Ͻ .0001; Figure 4A ). In addition, the CFU-GM content of the nonadherent cell fraction of patient LTBMCs was lower than the normal cultures (F ϭ 80.860 Ͼ F 322 1 , P Ͻ .0001) and this reduction was due to the lower number of both the CFU-Gs (F ϭ 65.946 Ͼ F 322 1 , P Ͻ .0001) and CFU-Ms (F ϭ 10.378 Ͼ F 320 1 , P Ͻ .01) in the patients ( Figure 4B ). These data might reflect a defect in the number and functional characteristics of patient progenitor cells or a defect in the capacity of BM stromal cells to support autologous myelopoiesis.
Cytokine production by LTBMC stromal layers
It has been reported that the constitutive production of inhibitory cytokines in the BM microenvironment may mediate hematopoietic progenitor cell inhibition. 32, [39] [40] [41] To examine the possible inhibitory effect of BM stromal cells on hematopoiesis in CIN, we first evaluated the levels of TNF-␣, IFN-␥, and FasL, molecules known to have proapoptotic properties, 42 in the supernatants of confluent LTBMCs from patients and controls. We found that TNF-␣ levels were significantly higher in the patients (7.41 Ϯ 6.19 pg/mL; median, 6.05 pg/mL; range, 1.26-32.3 pg/mL; n ϭ 26) than the controls (3.24 Ϯ 1.76 pg/mL; median, 3.52 pg/mL; range, 0.35-6.06 pg/mL; n ϭ 12; P ϭ .029; Figure 5 ) and individual TNF-␣ values inversely correlated with the numbers of CFU-GMs (r ϭ Ϫ0.367, P ϭ .030) and positively with the proportions of CD34 ϩ /Fas ϩ cells (r ϭ .709, P Ͻ .0001) and the percentages of CD34 ϩ /7-AAD ϩ cells (r ϭ .783, P Ͻ .0001; Figure 6 ). These data suggest that increased TNF-␣ production by patient stromal cells may exert a negative effect on the myeloid progenitor cell growth by inducing apoptosis in the CD34 ϩ cell population.
Because ELISA failed to detect IFN-␥ or FasL in LTBMC supernatants from any of the subjects studied, we examined the mRNA expression of these molecules in electrophoresed RT-PCR products derived from adherent cells of the cultures. In keeping with previous reports, 39 IFN-␥ mRNA expression was not found in any of the normal cultures (n ϭ 10). However, 7 of 18 CIN patients (39%) displayed IFN-␥ mRNA expression in their stromal layers (P Ͻ .05). Similarly, FasL expression was detected in none of the normal but in 9 of 18 (50%) CIN stromal cell preparations (P Ͻ .05). Interestingly, the IFN-␥ expressing stromal cell layers coexpressed FasL mRNA. In contrast, IFN-␥ and FasL mRNA was not detected in stromal cell extracts derived from patients with cyclic (n ϭ 1), severe congenital (n ϭ 1), or familial (n ϭ 2) neutropenia (Figure 7) .
Recharged LTBMCs
To test the hematopoiesis-supporting capacity of patient stromal cells independently of the autologous progenitor cells, confluent LTBMCs from 4 CIN patients with IFN-␥-and FasL-expressing stromal cells and 4 healthy controls were recharged with normal CD34 ϩ cells. The frequency of CFU-GMs and CFU-Gs obtained over a period of 5 weeks after the CD34 ϩ cell inoculum were lower in patient LTBMCs compared with controls (F 30 1 ϭ 5.716 and F 30 1 ϭ 6.670, respectively; P Ͻ .05 and P Ͻ .05, respectively), indicating further the inhibitory effect of CIN BM microenvironment on myelopoiesis ( Figure 8 ).
Discussion
Acquired CIN in adults has long been recognized more as a syndrome than a disease generally characterized by a homogenous constellation of clinical features and a rather unifying natural history but variable underlying pathophysiology and BM morphology. 2, 4, 5, 20 Serum antineutrophil antibody screening, marrow examination, and in vitro culture studies evaluating the granulocyte progenitor growth potential have been used to determine parameters with possible pathophysiologic relevance in the clinical setting of this variable disease state. 18, 20 Results from such studies have revealed a common cellular defect in a subgroup of patients with negative serum antineutrophil antibody activity that concerns a selective hypoplasia of the BM granulocytic series with increased immature-mature cell ratio suggesting either a defective myeloid cell development or loss of cells during the differentiation process. 15 In an attempt to probe the pathophysiologic mechanisms underlying CIN, we have investigated cell reserves and function in several stages of granulocyte differentiation in CIN patients using in vitro culture assays and flow cytometry. The data of the study show significant quantitative and functional abnormalities of the granulocyte progenitor cells indicated by the low percentage of CD34 ϩ /CD33 ϩ cells, the low frequency of CFU-G progenitors cells within the BMMCs or the purified CD34 ϩ cell fraction, and the low CFU-G recovery in LTBMCs. To characterize further the underlying cellular defect in CIN, we conducted apoptosis studies in unfractionated and purified BM-derived granulocyte progenitor and precursor cell populations as well as in peripheral blood neutrophils. These studies demonstrated accelerated apoptosis in the CD34 ϩ cell fraction of the patients concerning specifically the committed CD34 ϩ /CD33 ϩ but not the more primitive CD34 ϩ / CD33 Ϫ cells. In keeping with this finding is the normal number and proliferative capacity of the early progenitor cells (LTC-ICs) in the patients. Furthermore, CIN patients displayed normal rate of spontaneous apoptosis in more mature stages of granulocyte differentiation, namely, the CD33 ϩ /CD15 Ϫ , CD33 ϩ /CD15 ϩ , and CD33 Ϫ /CD15 ϩ cells and peripheral blood neutrophils. These data indicate that accelerated apoptosis in patients' BM myeloid cell compartment characterizes specifically the committed granulocyte progenitor cells.
Increased apoptosis of BM progenitor cells has been implicated in the pathophysiology of marrow failure associated with myelodysplastic syndromes and aplastic anemia 43 and Fas receptor triggering on hematopoietic progenitors has been recognized as a central pathway for the elimination of stem cells in these conditions. 42, 44 We therefore evaluated Fas antigen expression on the progenitor cells of patients with CIN and we found a significant up-regulation of this molecule on the CD34 ϩ cell fraction that specifically characterized the CD34 ϩ /CD33 ϩ committed myeloid progenitor cell subpopulation but not the more primitive CD34 ϩ /CD33 Ϫ cells. Although Fas antigen expression is not always associated with apoptotic cell death, 45 it seems likely that the Fas pathway is actively involved in the apoptotic depletion of patient CD34 ϩ / CD33 ϩ cells because the proportion of apoptotic cells was significantly higher among the Fas ϩ than among the Fas Ϫ cells. In addition, the increased apoptosis detected within the CD34 ϩ / CD33 ϩ cell fraction of the patients was mainly due to the significantly higher rate of apoptosis within the CD34 ϩ /CD33 ϩ / Fas ϩ but not within the CD34 ϩ /CD33 ϩ /Fas Ϫ cells of the patients compared with the controls. The correlation between the proportions of Fas ϩ and apoptotic CD34 ϩ cells corroborates further the assumption of a Fas-induced apoptotic depletion of patient progenitor cells.
Flow cytometric analysis of BM myeloid precursor cells and peripheral blood neutrophils did not show significant differences between CIN patients and healthy controls in the proportion of Fas ϩ cells. Furthermore, no significant differences were documented in the above populations in the frequency of apoptotic cells detected between the Fas ϩ and the Fas Ϫ cells of CIN patients or control subjects. These data are consistent with a possible constitutive expression of Fas in the mature stages of the myeloid development. Constitutive expression of Fas antigen on normal peripheral blood neutrophils has also been described 46 and increased FasL-mediated destruction of neutrophils has been involved in the pathogenesis of neutropenia associated with Felty syndrome and other disorders of large granular lymphocytes. 47 Although Fas antigen is normally expressed on various hematopoietic cell subjects, it has been shown that normal hematopoietic progenitor cells do not express Fas or express the antigen at low level under steady-state conditions. 36 However, overproduction of TNF-␣ and IFN-␥ in the setting of BM failure syndromes has been reported to induce Fas up-regulation on marrow CD34 ϩ cells rendering them susceptible to FasL-mediated apoptosis. 44 Our CIN patients displayed increased levels of TNF-␣ in their LTBMC supernatants that correlated with the proportion of Fas ϩ and apoptotic CD34 ϩ cells while they also exhibited pathologic IFN-␥ and FasL expression in their stromal layers. IFN-␥ and FasL are produced mainly by activated lymphocytes that might persist in LTBMC conditions 39 affecting patients' myeloid progenitor cell growth. The fact, however, that BMMCs from patients with IFN-␥-and FasL-expressing stromal cells did not display cytokine mRNA expression in all cases and vice versa (data not shown), suggests that probably more than one cell population may produce the inflammatory cytokines in patients' BM microenvironment in the setting of a cross talk between the immune cells. Circumstantial evidence showing that BM-derived macrophages may also produce IFN-␥ and FasL on activation 48, 49 and solid evidence suggesting that both activated macrophages and lymphocytes may be the source of TNF-␣ production 50 corroborates this assumption. The precise origin of TNF-␣-, IFN-␥-, and FasL-producing cells in patients' BM microenvironment will be an interesting area for future studies.
Accelerated apoptosis of BM myeloid progenitor cells has been recently recognized as a common pathophysiologic feature in neutropenias associated with congenital hematologic disorders such as cyclic and severe congenital neutropenia (Kostmann disease), 38, 51 myelokathexis, 37 and Shwachman-Diamond syndrome. 52 Although the precise cellular or molecular defects and factors that predispose BM myeloid cells to increased apoptosis in these neutropenic states remain largely unknown, it has been suggested that the high rate of apoptotic death of BM granulocyte progenitor and precursor cells largely contributes to compromised granulocytopoiesis in these conditions. The fact, however, that our control cases with congenital neutropenias did not express FasL and IFN-␥ mRNA in their stromal cell suggests that a mechanism other that inflammatory cytokine production may be implicated in the apoptotic cell death of the BM myeloid cells in these disease states.
LTBMC stromal layers from the patients failed to support autologous hematopoiesis as indicated by the low number of nonadherent cells, the low frequency of clonogenic progenitor cells in the nonadherent cell fraction, and the short duration of colony production by nonadherent cells in comparison to normal LTBMCs. Patient LTBMC layers displayed also a negative effect on allogeneic normal CD34 ϩ cell growth, corroborating further the assumption of an inhibitory role of BM microenvironment on hematopoiesis in patients with CIN.
In summary, the findings of the present study suggest that impaired granulocytopoiesis in patients with CIN is associated with accelerated apoptosis of the BM myeloid progenitor cells. We assume that the overproduction of TNF-␣, IFN-␥, and FasL by immune cells within the BM microenvironment of patients with CIN probably exerts an inhibitory effect on myelopoiesis by inducing the Fas-mediated apoptosis on the granulocyte progenitors. The inciting events, however, preceding the marrow failure in the disorder, the possible association of the BM immune dysregulation with the previously described HLA class II genetic predisposition, 8 and the cause for the selective inhibition of the myeloid development remain to be clarified.
